
Critical Reviews in Toxicology, 37:5–10, 2007
Copyright c© Informa Healthcare
ISSN: 1040-8444 print / 1547-6898 online
DOI: 10.1080/10408440601123396

Integrating Basic Research on Thyroid Hormone Action
into Screening and Testing Programs for Thyroid
Disruptors

Shirlee W. Tan
Office of Science Coordination and Policy, U.S. Environmental Protection Agency, Washington, DC,
USA; and Smithsonian Institution’s National Zoological Park, Washington, DC, USA

R. Thomas Zoeller
Biology Department, Morrill Science Center, University of Massachusetts–Amherst, Amherst,
Massachusetts, USA

Thyroid hormone signaling is highly conserved among all the vertebrates, and appears to be
present in some invertebrates. Both the components that comprise the system and its general role
in development and physiology are evolutionarily conserved, although specific events regulated
by thyroid hormones, such as amphibian metamorphosis, may differ among taxonomic groups.
The articles in this issue review the thyroid systems of mammals (specifically humans and
rodents), fish, amphibians, and birds, and the states of the assays and endpoints used to detect
disruption of the thyroid system within a toxicological paradigm. It must be noted that while
reptiles represent an enormously important group, they were excluded because there was not
enough information in the literature on thyroid toxicology in reptiles at the time that this
series of reviews was drafted. Each review highlights the best assays for current regulatory use
and those that may be considered for development for future use and research. However, it
is important to remember that thyroid research is moving ahead at a fast pace. New thyroid
research will impact the design of future thyroid assays used for the detection of thyroid system
disruption in ways that may not be anticipated at the time of this writing. Several new areas of
exploration are discussed that reveal potential sites of disruption in the thyroid system, including
(1) the importance of the neural drive for TSH upregulation, (2) thyroid hormone transport,
including cellular transporters like monocarboxylate anion transporter 8 (MCT8) that can
regulate thyroid hormone action at the cellular level, and thyroid hormone-binding proteins in
the serum that have been shown to differentially bind to environmental chemicals (e.g., certain
PCB congeners), and (3) the deiodinases as a target for disruption of thyroid hormone activity
in the peripheral thyroid system. The review papers in this issue represent the current state of
thyroid assays and endpoints for detection of chemicals that disrupt the thyroid system.
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Thyroid hormones (TH) are evolutionarily ancient iodinated
molecules, present in all extant vertebrates and in the deuteros-
tome invertebrates (Heyland and Moroz, 2005). Signaling
pathways regulated by these hormones affect elements of de-
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velopment, energy balance, and metabolism in all taxonomic
groups in which they are found. For example, TH affect
metamorphosis in the sand dollar (Heyland et al., 2004), in floun-
der (Yamano et al., 1994), and in frogs (Buchholz et al., 2005),
and are essential for development in birds (McNabb, 2006), and
mammals (Zoeller and Rovet, 2004). The hormonally active
iodothyronine, 3,3′,5′-triiodothyronine (T3) is chemically iden-
tical in all vertebrates, derived from a precursor (thyroglobulin)
conserved among the vertebrates (Novinec et al., 2006), which
is iodinated by a similarly conserved peroxidase enzyme system
(Taurog, 1999), carried through the blood by conserved binding
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proteins (Ekins et al., 1994; Power et al., 2000; Schreiber, 2002),
and its actions are mediated by conserved nuclear receptors
(Bertrand et al., 2004). The compilation of reviews in this volume
demonstrates two important conclusions. First, the chemistry of
thyroid hormones, of the proteins (and genes encoding them)
involved in thyroid hormone synthesis, and of the ensuing sig-
naling pathways is highly conserved across all vertebrate taxa.
Second, thyroid hormone is essential for normal development
and for adult health in all vertebrate classes.

Given the importance of thyroid hormone for normal devel-
opment and physiological function in all vertebrates, it is reason-
able to be concerned that environmental factors could influence
thyroid function and/or thyroid hormone signaling to the extent
that populations would be affected (Brucker-Davis, 1998). In
addition, because of the highly conserved nature of TH synthe-
sis, signaling, and regulation, environmental factors that affect
thyroid function or TH signaling in one species may well af-
fect thyroid function or TH signaling in another—including in
humans. Although one cannot extrapolate thyroid toxicity data
directly from one taxonomic group to another, the conservation
of regulatory and molecular mechanisms that govern thyroid
signaling across vertebrate species allows us to predict effects
in untested species, and provides us with sentinel models for
both wildlife and human health. There is precedence for en-
vironmental chemicals influencing thyroid function in humans
with adverse public health consequences (Gaitan, 1989). Envi-
ronmental effects on the human thyroid gland are well known,
in part because of the association of clinical disease with the vis-
ible manifestation of goiter (Gaitan, 1989). Goiter, an enlarged
thyroid gland, can occur as a result of low dietary iodide, and in
populations characterized by endemic goiter, cretinism follows
(Delange, 2000, 2001). However, the presence of chemicals in
the diet that affect thyroid function can also cause endemic goiter
and cretinism (Delange, 1989). The thyroid hormone thyroxin
(T4), in the form of levothyroxine and synthroid, was listed as
one of the most commonly prescribed drugs in the United States
in the year 2005 by RxList, demonstrating the high incidence
of thyroid illness. In addition, thyroid diseases such as hyper-
and hypothyroidism are abundant in domestic pets in the United
States (Padgett, 2002; Panciera, 2001). Causes of these illnesses
are not well characterized, but research is starting to focus more
on environmental links to thyroid disease. Similarly, wildlife
disease associated with abnormal thyroid function is also being
explored as a contributing factor to an animal’s susceptibility to
other stressors. It is well known that amphibian metamorphosis is
one of the most vulnerable times in a frog’s life, and this time pe-
riod is highly dependent on thyroid hormone to progress through
normal development from tadpole to frog (Tata, 2006). As a re-
sult much research is directed towards understanding the link
between thyroid toxicants and amphibian health. The decline in
amphibian species across the globe may provide some opportu-
nities to explore how the thyroid system, disease, contaminants,
and other stressors may interact (Mendelson et al., 2006).

Considering this, it is important to identify potential thyroid
toxicants before wildlife and human populations are exposed to

them, especially if they are lipophilic and accumulate through
the food chain. In all animals, the ability of the thyroid gland
to meet its demands for thyroid hormone is dependent on the
availability of iodine and on the function of enzymes involved
in TH biosynthesis (Braverman and Utiger, 2004), and these
functions are regulated by a complex neuroendocrine system,
which integrates information about metabolism and hormone
levels (Ahima et al., 2006; Fliers et al., 2006; Lechan and Fekete,
2006). The complexity of thyroid physiology and endocrinol-
ogy is important for toxicologists as they consider the design of
assays to identify potential thyroid toxicants as well as to evalu-
ate the consequences of thyroid toxicants in wildlife and human
populations. At the time of this writing, a large number of chem-
icals are known to affect circulating levels of thyroid hormone
by interfering directly with thyroid function (e.g., by inhibiting
iodide uptake, thyroperoxidase, or thyroglobulin metabolism)
(Brucker-Davis, 1998), with thyroid hormone metabolism (e.g.,
inducers of glucuronidase enzymes) (Liu et al., 1995), and by
interfering directly with thyroid hormone receptors (Zoeller,
2005). Thus, it is essential that screens and tests for thyroid toxi-
cants include measures of thyroid function (i.e., serum hormone
levels). However, as new information about thyroid endocrinol-
ogy becomes available, it will be important to incorporate these
new insights into the assays for thyroid toxicants (e.g., adapting
assays with endpoints that provide functional measures of thy-
roid toxicity), and into the interpretation of results from thyroid
assays, field observations, and clinical results. Epidemiologists
studying the relationship between environmental exposures, thy-
roid function, and endpoints of adverse effects should also con-
sider the complexity of the thyroid system as well as the diversity
of mechanisms by which chemicals can interfere with thyroid
signaling. Therefore, the goal of this series of manuscripts is
to provide a comprehensive review of thyroid physiology and
endocrinology in mammals, fish, amphibians, and birds, and to
review existing assays employed to identify thyroid toxicants
within the context of this comprehensive review of the basic
biology of thyroid hormone.

Several recent papers have revealed new insights into how the
thyroid system functions both centrally and peripherally. Here
we highlight much of the most recent work that has implications
for future thyroid assays. Although this series of documents
represents the current state of thyroid assays and endpoints, it
is our hope that it will also serve as a framework on which
new information can be assimilated into strategies for identi-
fying and characterizing new, and new categories of, thyroid
toxicants.

The first paper in this series is designed to provide a thor-
ough background of information about the basic biology of the
hypothalamic-pituitary-thyroid (HPT) axis from a toxicologi-
cal perspective. The HPT axis represents a classic neuroen-
docrine axis in which specific neurons in the hypothalamus
secrete a releasing factor [the tripeptide TRH, which stands
for thyrotropin (also known as thyroid-stimulating hormone, or
TSH) releasing hormone] into the vasculature that bathes the
pituitary gland. In response to TRH, the pituitary gland releases
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TSH, which binds to a membrane receptor on the thyroid gland,
stimulating the production and release of thyroid hormones.

Thyroid hormones are maintained within a fairly narrow
range, in part by the negative feedback action of thyroid hor-
mones on the hypothalamus and pituitary gland. An important
set of recent papers documents that, in humans, individual vari-
ance in serum T4 and TSH is far narrower than the population
variance (Andersen et al., 2002, 2003). Moreover, the set point
around which thyroid hormones are narrowly regulated in hu-
mans is predominantly controlled by genetics (Hansen et al.,
2004). Specifically, serum T4 and TSH iare highly correlated
among monozygotic twins—in fact, to a significantly greater ex-
tent than among dizygotic twins. Considering the narrow range
with which serum thyroid hormones are maintained in an indi-
vidual, these data indicate that differences between individuals
leading to the broad population variance are genetically based.
In other words, a genetic factor may exist that regulates how
much thyroid hormones vary in an individual under normal cir-
cumstances. What this genetic factor is and where it functions
are yet unknown, but are clearly tied to the hypothalamic and
negative feedback control of the HPT axis.

A very prescient hypothesis proposed by Greer et al. (1993)
was that an important role of hypothalamic TRH is to control
the set-point around which negative feedback operates. This hy-
pothesis is consistent with a recent study using genetic strains
of mice that lack either TRH, or the thyroid hormone recep-
tor that mediates negative feedback (TRβ), or both. This study
shows that the hypothalamus is the driving influence increasing
serum TSH when negative feedback no longer exists (Nikrod-
hanond et al., 2006). This means that the neural drive to the HPT
axis is more potent than the negative feedback effect of thyroid
hormone; thus, there may be situations [e.g., caloric restriction
(van Haasteren et al., 1996) or infection (Lechan and Fekete,
2004)] that are stimulated (or simulated) by various toxicants,
profoundly affecting the HPT axis by affecting neural inputs into
the hypothalamus.

Although the HPT axis has been well studied in humans and in
other mammalian and nonmammalian vertebrates, new informa-
tion continues to arise that clearly challenges our understanding
of this important neuroendocrine system. For example, a recent
paper by Blount and colleagues (Blount et al., 2006) reports that
urinary perchlorate is strongly associated with lower serum T4
and higher serum TSH in the a general population of women
sampled over the course of 2001–2002, but not in men. This ob-
servation challenges our understanding of several very important
issues. First, if this observation is confirmed in follow-up studies,
it indicates that the human thyroid gland is much more sensi-
tive to perchlorate than previously believed (Greer et al., 2002).
Because perchlorate is known to act as a competitive inhibitor
of iodide uptake at the sodium/iodide symporter (NIS) (Wolff,
1998), this also challenges our current understanding of the re-
lationship between iodide uptake inhibition and the production
of thyroid hormone. Finally, these observations indicate a very
significant sex difference in sensitivity of the thyroid gland to

perchlorate, an issue that was not well appreciated previously.
Thus, as new information continues to arise, we must revise our
thinking of the HPT axis and adapt screens and tests to accom-
modate these new insights.

Another important new area of thyroid research is that of
the identification of selective transporters for thyroid hormones.
Early work demonstrated that the uptake of 125I-T4 was tissue
dependent (Oppenheimer, 1983), indicating that thyroid hor-
mone is selectively transported into tissues and cells. However,
T4 uptake did not reach a limit of saturation in initial experi-
ments to determine how cellular uptake is regulated, which led
to confusion about the potential role of selective transporters in
regulating cellular concentrations of T4 and T3 (Bernal, 2006).
The recent observation that mutations in the human monocar-
boxylate anion transporter 8 (MCT8) are associated with a form
of X-linked mental retardation, severe neurological impairment,
and a unique profile of thyroid hormones in serum (Dumitrescu
et al., 2004; Friesema et al., 2004) indicate that MCT8 is a se-
lective transporter for T3 that influences T3 uptake into neurons.
This interpretation is supported by recent in vitro work demon-
strating that MCT8 controls the rate-limiting step in cellular T3

uptake (Friesema et al., 2006).
The recognition that selective transporters control thyroid

hormone entrance into tissues indicates that a potentially impor-
tant site of thyroid disruption is cellular uptake. MCT8-deficient
mice recapitulate the unique profile of serum thyroid hormones
observed in humans with a mutant MCT8 (Dumitrescu et al.,
2006). Thus, one might propose that chemicals interfering se-
lectively with MCT8 transport of thyroid hormones may produce
the same kind of unique hormonal profile. However, thyroid hor-
mone transport is a characteristic of several families of mem-
brane proteins, including the sodium-dependent organic anion
transporters, the sodium-independent organic anion transport
proteins, the heterodimeric amino acid transporters, and the
MCTs (Friesema et al., 2005). Thus, it is possible that exogenous
compounds that influence MCT8-mediated transport of thyroid
hormones may also influence the activity of other transporters
and the transport of other chemicals via the MCT8 transporter.
Because these transporters exhibit a complex tissue distribu-
tion, it is possible that single compounds may produce com-
plex effects on the ability of T4 and/or T3 to gain access into
specific tissues, and mixtures of compounds may produce even
more complex effects. Thyroid hormone transport will be an
important potential site of thyroid disruption to explore, and
considering that several types of compounds have been shown
to bind with high affinity to T4- and T3-binding proteins, it is
a plausible mechanism. For example, specific polychlorinated
biphenyl (PCB) congeners and PCB metabolites are known to
bind with high affinity to the T4-binding protein transthyretin
(Darnerud et al., 1996; Cheek et al., 1999; Chauhan et al.,
2000; Kato et al., 2004; Marchesini et al., 2006). Thus, there
are chemicals known to be structurally similar enough to T4

to bind to selective binding proteins. The same may be true
for thyroid hormone transport. The consequences of transporter
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interference will depend on the transporter and the selectivity of
interference. The MCT8-deficient mouse exhibits thyrotoxicity
in the liver, but hypothyroidism in the brain (Dumitrescu et al.,
2006), indicating that interference with a single transporter can
produce heterogeneous effects on thyroid hormone signaling.
Studies in thyroid toxicology will likely recruit this kind of in-
formation when designing new experiments in this exciting new
area.

Recent studies have demonstrated that thyroid hormone ac-
tion can be regulated by dietary components in specific tissues
without affecting circulating levels of thyroid hormone. Specif-
ically, Watanabe et al. (2006) found that the bile acid, cholic
acid, could prevent body weight gain in mice fed a high-fat diet.
Cholic acid binds to the G-protein coupled receptor TGR5 on
brown adipocytes, increasing intracellular cAMP and activating
the type 2 iodothyronine deiodinase (D2). The action of D2 is
to increase the conversion of T4 to T3 (St Germain and Galton,
1997). Thus, these investigators have found that a chemical de-
livered to animals through the diet can selectively alter thyroid
hormone action in fat tissue by increasing the metabolic activa-
tion of thyroid hormone, but without changing circulating levels
of thyroid hormone. Considering that there are three types of
deiodinases (D1, D2, and D3) with different tissue distributions
and different enzymatic activities, it is important to consider
that chemicals structurally unrelated to thyroid hormones may
have a profound effect on thyroid hormone signaling in some
tissues.

In birds, fish, and amphibians, the deiodinases D2 and D3
are universally present. The deiodinase D1 has not been de-
tected in amphibians, lungfish, and agnathans to date. It has
been suggested that alternative splicing may dictate which deio-
dinase is expressed in certain tissues, thus defining developmen-
tal changes in thyroid hormone tissue levels (Sutija et al., 2006)
and perhaps even responses to chemical exposures.

Although thyroid hormone chemistry and mechanisms of sig-
naling are conserved among vertebrates, the developmental and
physiological events controlled by thyroid hormone are differ-
ent among the vertebrates. Therefore, the first two papers in this
series focus on the basic biology of thyroid endocrinology and
thyroid toxicology in mammals—mainly in humans and in ro-
dents. An important concept developed during the research for
these papers was that the profile of changes in the HPT axis
induced by a toxicant appears to depend on the mode of ac-
tion by which the toxicant interferes with thyroid function. This
concept was developed into a separate paper that is the last pa-
per in this series. Subsequent papers focus on the basic biology
and toxicology of the thyroid in fish, amphibians (anurans), and
birds.

Thyroid endocrinology is undergoing a rapid expansion
based on new information and new technologies. Our ability
to clearly identify effects of thyroid toxicants and their health
consequences—both in an experimental, wildlife population,
and in a public health setting—will be dependent on our abil-
ity to integrate information from new mechanistic research into

toxicological research. Translating basic thyroid endocrinology
and toxicology into epidemiological or clinical settings will re-
main a challenge inasmuch as endpoints of thyroid hormone
action in tissues have not been widely developed for collection
in a noninvasive manner.
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